with unique pathogen specificity conferred resistance to stripe rust in bread wheat on the long 1 9 arm of chromosome 2B, comprising a complex resistance NLR cluster (Marchal et al. 2018 ). The suggest that the BED domain from Rph15 was more closely related to the BED II clade 1 2
consensus and yet only carried six out of the nine conserved residues, suggesting the possible 1 3 presence of functionally diverse BED domain of distinct from BED I and II. Although no 1 4 mutants were identified within the BED domain of Rph15 in this study, our yeast-two-hybrid 1 5 data confirmed the strongest transcriptional activation using the CC-BED-CC construct, whilst 1 6 weak activation was also observed in the BED-CC relative to other Rph15 protein domain 1 7 configurations ( Figure 3 ). Interestingly, no activation was observed using the BED domain of 1 8
Rph15 alone, suggesting that coiled-coil domains are also required for activation ( Figure 3 ). The 1 9 retained functional capacity of the ZF-BED domain in the Rph15 protein supports its origin from 2 0 a transcription factor and the evolution of the decoy model in plant NLRs. The alternative 2 1 hypothesis is that there is no direct interaction of the ZF-BED and the pathogen effector. Rather, 2 2 the transcriptional function we observed for the ZF-BED domain translates to its interaction with 2 3 a partnering protein within the complex, providing the necessary transcription machinery for 1 pathogen recognition.
2
The level of diversity associated with the Rph15 allele is similar to that observed with 3 barley genes that originated before the domestication of barley. Martin et al. (2020) the interstitial region between the breakpoint and the centromere where viable recombinants are 1 0 extremely rare. The Rph15 locus is in this interstitial region of 2HS. Because the Rph15 1 1 resistance allele in the 2HS / 4HS translocation cannot be reassociated with different molecular 1 2 markers by recombination, the Rph15 mutant arose before the translocation. These observations 1 3 suggest that the Rph15 resistant mutant is very old, likely before the domestication of barley.
4
There is, however, no evidence that the critical allele (Rph15) for P. hordei resistance at the 1 5
Rph15 / Rph16 loci originated more than once. To determine the likely origin of the Rph15 1 6 resistance, we assessed allelic diversity using exome capture data from a previously we postulate the origin of the resistance haplotype to be in the Western Fertile Crescent bordering Israel and Jordan (Figure 4 ).
2
The presence of NLR clusters and multiple disease resistance alleles with different 1 pathogen specificities arising through duplication and co-evolution is well established in the 2 plant kingdom (Michelmore and Meyers 1998; Dracatos et al. 2019) . Three leaf rust resistance 3 loci, (i.e. Rph14, Rph15 and Rph16) assumed to be independent have been mapped to the same 4 chromosomal region on the short arm of 2H. Previous genetic studies suggest that Rph15 and based on high sequence divergence, we determined that the Rph14 resistance is due to a gene historical phenotypic data using six North American P. hordei races determined that Rph15 and 1 7
Rph16 shared the same race specificity; however, Rph14 exhibited a different specificity in 1 8 comparison ( Supplementary Table 1 ). We therefore propose that 1) Rph14 is independent from 1 9
Rph15 and 2) wild barley accessions (named Hs 680 and HS084) previously thought to carry the 2 0 independent resistance locus Rph16 in fact carry the same resistance allele as Bowman+Rph15.
1
Given that the number of disease resistance genes in plant species is finite, it is crucial to 2 2 use these genes with appropriate stewardship to ensure they remain effective for as long as (2020), from the 61 BW lines tested for rust resistance, 50 were postulated to carry Rph15 either 9 singly or in combination with another resistance gene and the remaining 11 carried unknown 1 0 resistance ( Supplementary Table 2 ). Interestingly, six of the BW lines postulated to carry Rph15 1 1 and a further six BW lines with unknown leaf rust resistance carried a different SNP marker 1 2 haplotype to either Bowman or Bowman+Rph15, suggesting they either may carry 1 3 uncharacterised resistance or allelic variants of the Rph15 gene ( Supplementary Table 2 ). Eighty 1 4
Australian cultivars with contrasting leaf rust response were also genotyped with the KASP 1 5 marker, and as expected based on seedling leaf rust tests, all lacked ,the Rph15 marker haplotype breeding. It is possible that the widespread effectiveness of Rph15 is due to its limited have remained durable when deployed singly, especially when deployed in combination with one 1 or more minor resistance genes. As more resistance genes and their cognate avirulence genes are 2 cloned and resistance mechanisms and protein structures determined, more signatures of 3 durability are likely to become evident. Further work is underway to determine the target of the 4 ZF-BED domain to unravel the underlying mechanism of the Rph15 resistance. the rust pathogen isolates used in this study and their virulence phenotypes can be found in 1 5 Supplementary Table 3 . The plasmid DNA of five positive clones from each amplicon was sent for Sanger sequencing 9 using internal primers and the sequences were compared with the template from Morex. 
Generation of loss of function mutants for Rph15
1 5
We performed sodium azide mutagenesis on the wild type Rph15 donor barley line 1 6 Bowman+Rph15 (AUS 490745; PI 355447/7*Bowman) using the procedure described by 1 7
Chandler and Harding (2013) with some modifications. Approximately 1,500 seeds were 1 8 immersed in water at 4°C overnight. The imbibed seeds were transferred to a 2-litre measuring 1 9 cylinder filled with water and aerated with pressurised air for 8 h, with one change of water after 2 0 4 h. The water was drained and the seeds were incubated in a shaker for 2 h in freshly prepared 1 2 1 mM sodium azide dissolved in 0.1 M sodium citrate buffer (pH 3.0). Next, the seed was washed 2 2 extensively in running water for at least 2 h, and placed in a fume hood to dry overnight. Seeds 1 were sown in the field and single spikes from each plant were harvested separately from the 2 remaining spikes, which were harvested in bulk.
3
The Bowman+Rph15 mutant M 2 spikes and M 2 -derived M 3 families were phenotypically 4 assessed at the seedling stage as described by Dracatos et al. (2019) . In all cases at least two 5 susceptible plants were transplanted for each candidate M 2 family segregating for rph15 (Rph15 6 knockouts) for progeny testing. Sequence confirmation for each mutant was performed through 7 PCR amplification of M 3 derived susceptible progeny for each mutant family. Sanger sequence confirmation of all mutants was performed at the M 3 stage using a three-step 1 0 process. Firstly, only DNA from progeny-tested homozygous susceptible families was extracted 1 1 using the CTAB method (Doyle and Doyle 1987) for PCR amplification of the 9,442 bp genomic 1 2 fragment for the candidate Rph15 gene as described above. Secondly, the PCR products were 1 3 cloned into the TOPO vector as described above and three positive clones for each amplicon 1 4
were sent for Sanger sequencing for comparison with the wild type Rph15 candidate gene.
5
Finally, only when all three clones carried the same non-synonymous sodium-azide induced 1 6 (either G to A or C to T) mutation were they deemed confirmed mutants. including 4 µl of KASP master mix (LGC), KASP Assay mix (0.12 pmol two allele-specific 2 1 primers and 0.3 pmol common reverse primer) and 25 to 50 ng of genomic DNA. KASP was 2 2 conducted as follows: 1 cycle at 94°C for 15 min, 10 cycles of at 94°C for 20 sec and 65°C for 1 1 min, and then 32 cycles of at 94°C for 20 sec and 57°C for 1 min, cooled down to 25°C for 5 2 min, before reading the plate. Marker validation was performed using a panel of 80 Australian 3 barley accessions all postulated to lack Rph15 and 60 leaf rust resistant Bowman near-isogenic 4 lines of which many were postulated to carry the Rph15 resistance. All accessions are listed in 5 Supplementary Table 3 . into Golden Promise was performed as described by Harwood et al. (1994) . The Rph15 gene fragment cloned into the binary vector pWBVec8 was transformed into A.
1 5 tumefaciens strain GV3101. ABMT in wheat cv. Fielder was performed as described in 1 6 Richardson et al. (2014) . T 0 plants were assessed for response to P. graminis f. sp. tritici race 98-1 7 1,2,3,5,6, P. triticina race 10-1,3,9,10,11,12, and P. striiformis f. sp. tritici race 134 E16 A+ at 1 8 the 2 nd -3 rd leaf stage as described by McIntosh et al. (1995) . reactions were conducted to clone the different PCR fragments representing the domain and BD-Rph15-CC-BED-CC-NB. DNA from each plasmid was sent for Sanger sequence 2 1 confirmation prior to transformation into yeast. The transformation of each plasmid for the respective domain configurations was performed as 2 described by Gietz and Schiestl (2007) using Saccharomyces cerevisiae strain HF7C (Clontech). The yeast-two hybrid assay was based on the Gal4 system. Because the plasmid pGBK-NSC 5 contains a tryptophan-producing gene, the transformants can be selected on the medium without 6 tryptophan (SC-T). All the plasmid DNA was transformed into yeast and grown at 30°C on SC-7 T. If the peptide fusing with bind domain (BD) possesses transcription activity, the fusing protein 8 can bind upstream of the histidine gene in yeast nuclei and activate the transcription of histidine, 9 resulting in yeast growing on the selection medium without histidine (SC-H). Therefore, a single 1 0 colony on the SC-T medium was selected and resuspended in sterilised water. A series of 10-fold 1 1 dilutions were made and cultured at 30ºC on SC-T and SC-TH (selection medium without 1 2 tryptophan and histidine) in parallel. An image was taken after culturing for 3 days. Illumina (Hong Kong) for whole genome sequencing on a fee for service basis. We sequenced 1 7 both Bowman+Rph15 and Hs 680 80Gb of data (corresponding to roughly) 40x coverage using 2 1 8
x 250PE reads on the NovaSeq based on the proprietary protocols specified in the Illumina website. For Rph14 (PI 584760), we sequenced using 2 x 150PE reads at 10 x coverage. Reads while the other more distantly related haplotypes are denoted by black dots. 
